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ABSTRACT 
A detailed heavy mineral study was made of a portion of the Modelo formation in the Santa 
Monica Mountains, near Los Angeles. It was found that the heavy minerals varied both ver- 
tically in the formation and laterally within single lithologlc units. Four distinct mineral zones 
were recognized. These zones transect the lithologic boundaries and the structure of the forma- 
tion. The cause of the peculiar boundary relations between the mineral zones and the rock 
units is not clear. Whether or not the mineral zone boundaries are surfaces of contemporaneous 
deposition remains a moot question. 
The purpose of this invest igat ion 
was to ascertain the degree of lateral 
and vertical mineral var ia t ion that  
occurs in some Ter t ia ry  formations of 
California. Such informat ion is funda- 
menta l ly  impor tan t  for de termining 
the usefulness of minerals as criteria 
for correlation. Reed had carried out  
an analogous examinat ion in the Ter- 
t iary formations of the Coa[inga dis- 
trict. He sampled a s t ra tum two feet 
thick for a distance of two miles and 
showed tha t  there was in general "a 
grat ifying degree of similari ty in the 
heavy mineral assemblages of the va- 
rious samples" (13). 
A section of the Modelo formation,  
on the north flank of the Santa  
Monica Mountains ,  was selected for 
this inquiry.  This district  lies about  
18 miles northwest of Los Angeles, is 
readily accessible, and a good geolog- 
ic map of the area is available (8). 
At this locality, the lower member  
of the Modelo formation, to which 
this invest igat ion was confined, con- 
sists, with the exception of the basal 
greywacke, of several thick a l ternat-  
ing uni ts  of fine-grained sandstone 
and shale. A dark greywacke, com- 
posed of angular  slate fragments,  gen- 
erally occurs at  the base of the 
Modelo where it directly overlies the 
Santa  Monica slate. The  sandstone 
units  are dun  colored and moderately 
indurated.  The shale is grey and com- 
monly sandy,  becoming more sill- 
ceous toward the top of the forma- 
tion. These lithologic uni ts  may be 
traced on the surface for several 
miles. 
Except for the basal greywacke, 
the texture of the sandstone uni ts  in 
the Modelo of this locality is remark- 
ably uniform, ranging from medium- 
to fine-grained. Screen analyses failed 
to show any  definite textural  t rend 
laterally or vert ically in the forma- 
tion. The transi t ion from sandstone 
to shale uni ts  is marked by a series 
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FIG. 3. Cut-crop of a shale member in the Modelo formation along 
Beverly Glen Boulevard near locality 53 a. 
of a l ternat ing thin s t ra ta  of sand- 
stone and shale, and not by a gradual 
change in texture.  Crossbedding oc- 
curs occasionally. The  formation is 
well stratified and appears to have 
been deposited in compara t ive ly  still 
water.  
In common with many California 
Recent  sediments,  the Modelo sand- 
stone is arkosic and its grains are 
angular (14). Part icles as large as 2 
ram. in d iameter  show only slightly 
the rounding effects of abrasion. Since 
grains as small as 0.05 mm. may be 
rounded by s t ream t ranspor ta t ion  (7 ; 
19), it is apparen t  tha t  the material  
composing the sediments  has not 
been t ransported a very  great  dis- 
FIG. 4. Cut-crop of a sandstone member in the Modelo formation 
along Beverly Glen Boulevard near locality 53 a. 
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tance nor has it been reworked many 
times prior to its deposition as 
Modelo (1). The presence of feldspar 
in the Modelo formation is not par- 
ticularly significant either as an in- 
dicator of paleocllmatic conditions or 
of distance from source. Feldspar is 
known to have been transported a 
distance of 600 miles under the ad- 
JOQ 
were made in the laboratory,  using 
the method described by Milner (12). 
Observations and comparisons were 
confined exclusively to material of 
one grade-size (one-fourth to one- 
eighth mm.). The advantages  of us- 
ing material of the same grade-size 
when comparing heavy mineral con- 
centrates have been noted by Dryden 
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Fro. 5. Cumulative curve~, each showing the texture of a sample from a different mineral 
zone, 17a from zone A, 18b from zone B, 25c from zone C, and 41d from zone D. 
verse conditions of a warm and humid 
climate (11). Recent  work by the 
writer has shown tha t  in the south- 
ern California region, sands that  have 
been transported by an in termit tent  
stream a distance of 50 miles are still 
angular and very arkosic. Feldspar 
apparent ly  is more resistant to chemi- 
cal decomposition and to abrasion 
than is generally believed. 
The heavy mineral separations 
and by the writer (2; 4). After identi- 
fying the minerals by optical meth- 
ods, counts were made under the bin- 
ocular microscope. This procedure 
was practicable because the various 
minerals could be distinguished by 
color, cleavage, shape and magnetic 
properties. With a few exceptions, 
the number  of grains counted for 
each sample exceeded 300, which is 
generally sufficient to insure reasona- 
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ble  a c c u r a c y  of  the  minera l  p e r c e n t -  
ages  (3) .  
T w o  h i s t o g r a m s  h a v e  been  used  to  
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FIG. 6. Zone A., Explanation: I =ilmenite, T=tltanite ,  (3 =garnet, Z=zircon, E =epidote, 
H = hornblende, To = tourmaline. The right histogram of each sample indicates the percentage, 
by number of grains, of each mineral species in the size fraction between one-fourth and one- 
eighth mm. The left histogram of each sample indicates the actual number of grains of any 
mineral species in one gram of the size fraction between one-fourth and one-eighth mm. 
Zone A. Epidote, hornblende, and tourmaline are absent or present in only negligible quantity. 
llmenite and garnet are generally more abundant than titanite. (9 a and 10 a are transition 
samples between zone A and zone B.) 
r epresent  the  q u a n t i t a t i v e  minera l -  spec i e s  t h a t  is p r e s e n t  in o n e  g r a m  of  
ogical  c h a r a c t e r i s t i c s  of  each  s a m p l e ,  sand .  T h e  l a t t e r  d a t a  are s e c u r e d  b y  
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s i m p l e  calculations? This combina- 
tion of histograms presents graphi- 
cally the quantitative relations be- 
tween the heavy and light mineral  
fractions as well as between the vari- 
ous species of the heavy residue. A 
k n o w l e d g e  of the absolute abundance 
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he lpfu l  to a proper in terpre ta t ion  of  
its  geologic  h is tory .  
T h e  fo l l owing  h e a v y  minera l s  h a v e  
been  found  in the  M o d e l o  f o r m a t i o n  : 
i lmen i t e ,  m a g n e t i t e ,  t i tan i te ,  garnet ,  
ep idote ,  hornblende ,  t o u r m a l i n e ,  zir- 
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FIG. 7. Zone B. Epidote, hornblende, and tourmaline are absent, or present only in 
negligible quantity. Titanite is more abundant than either ilmenite or garnet. 
t Let p=no.  of grains of any mineral spe- 
cies per gram of undifferentiated 
1 1 s a n d  (~-g  m m . ) .  
f = f r a c t i o n  of t o t a l  h e a v y  c o n c e n -  
t r a t e  used for mineral count. (Se- 
cured by means of sample split- 
ter.) 
n=no.  of grains of any mineral spe- 
cies counted. 
w=wt.  in grams of undifferentiated 
sand from which hearty concen- 
trate was separated. 
Then p=n/fw 
con, muscovite, biotite, and barite. 
Little attention was devoted to the 
barite and the micas because of the 
authigenic character of the former  
and the ubiquitous nature of the lat- 
ter. Ilmenite, as such, was ident i f i ed  
on the basis of a positive reaction to 
a chemical test for titanium and its 
strong magnetic susceptibility. M a g -  
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net i te  was recognized by  i_ts excep- 
t iona l ly  s t rong magnet ic  proper t ies  
and its oc tahedra l  habit .  I t  is not  un- 
reasonable  to suspect  t ha t  much of 
wha t  has been called i lmenite  may  be 
t i tan i ferous  magnet i te .  
l lmeni te ,  t i tani te ,  garnet ,  epidote,  
hornblende,  tourmal ine ,  and zircon 
are the  heavy  minerals  tha t  were 
used to zone the Modelo formation.  
From qua l i t a t ive  and qua n t i t a t i ve  
considera t ions  of the  d i s t r ibu t ion  of 
these minerals,  i t  is possible to defi- 
n i te ly  dis t inguish four zones in the 
lower member  of the Modelo forma- 
tion. This  in itself is not  unusual .  I t  
is r emarkab le  however,  t ha t  these 
zones should t ransec t  the li thologic 
boundar ies  and the s t ructure .  This  is 
a fea ture  of u tmos t  significance to 
those using heavy  minerals  for the  
de te rmina t ion  of subsurface struc- 
tures. 
The  zones were de te rmined  in two 
ways:  (1) by  the  presence or absence 
of mineral  species, (2) by  the re la t ive  
propor t ions  of the var ious  mineral  
species. 
Zone D, the lowest in the  Modelo  
format ion,  is the  least  uniform in i ts  
mineral  content .  I t  is d is t inguished 
as a zone largely because it lies be- 
tween the defini tely ident i f iable  zone 
C above  and a non-conformi ty  be- 
low. I t  is character ized in i ts western 
pa r t  by  the  presence of tourmal ine  
which is absent  or exceedingly rare in 
the  over ly ing zones and in i ts  eas tern  
pa r t  by  the  i lmen i t e - t i t an i t e -ga rne t  
propor t ions  which are d i s t inc t ly  dif- 
ferent  from those of zone C above.  
H e a v y  minerals  are not  a b u n d a n t  in 
this  zone. 
Zone C is d is t inguished b y  the 
presence of hornblende and ep ido te  
and the re la t ive  propor t ions  of il- 
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Fie. 8a, b. Zone C. Epidote and hornblende are present: very abundant at the base of this 
zone and diminishing in abundance toward the top. Tourmaline is absent. Titanite is normally 
more abundant than either ilmenite or garnet. 
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menite ,  t i t an i te ,  and garnet .  H e a v y  
minerals  are compara t ive ly  a b u n d a n t  
here. 
Hornb lende  and ep idote  are absen t  
from zone B bu t  it  possesses the same 
i lmen i t e - t i t an i t e -ga rne t  p ropor t ions  
charac te r i s t ic  of the  under ly ing  zone 
C. The  heavy  mineral  conten t  of the  
sed iments  is small.  
Hornb lende  and epidote  are also 
absent  from zone A bu t  it  m a y  be 
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Fro. 9. Zone D. Epidote and hornblende are 
Tourmaline is present in the western part of this 
and ilmenlte is usually present. 
no descr ipt ions heretofore of mineral  
zones t ransec t ing  l i thologic units.  
M a n y  paleontologis ts  are aware  
tha t  faunal  zones somet imes  cut  across 
rock uni ts  (16; 17). The  paleonto-  
logist assumes t h a t  the  charac te r  of 
the included faunal  assemblage  indi-  
cates  conclusively the age of the sedi- 
ments  (10). A faunal  zone, therefore,  
consists of mater ia l  accumula ted  dur-  
ing an in terva l  of con temporaneous  
41d  
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absent, or present only in negligible quantity. 
zone. Titanite is rare. Garnet is always present 
d is t inguished from the cont iguous  
zone B by  its i lmen i t e - t i t an i t e -ga rne t  
propor t ions .  H e a v y  minerals  are 
scarce, forming less then one-half  
of one per cent  of the  sediment .  
Descriptions of heavy mineral  zones 
are  not  uncommon and their  useful- 
ness for correlat ion,  especial ly where 
fossils are rare or lacking, has been 
repea ted ly  pointed out  by  sedimen- 
t a ry  petrologists  (5; 12), bu t  to the 
wri ter ' s  knowledge there have been 
t ime and a zonal b o u n d a r y  is the  
equiva len t  of an isochronal  surface. 
H. G. Schenck,  apprec ia t ing  the  full 
significance of faunal  zones t ransec t -  
ing l i thologic boundar ies ,  s t a t ed  in a 
recent  article,  " N o  accura te  correla-  
t ions will be possible unt i l  t ime and 
rock uni ts  are separa ted  in the  in- 
ves t iga to r ' s  mind and w o r d s , . . . "  
(16, p. 534). 
Fauna l  zones crossing rock uni ts  
are easi ly explained as the conse- 
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quences of t ransgressing or regressing 
seas. Consider  as an i l lus t ra t ion a 
basal  conglomera te  or sands tone  be- 
ing formed by  a slowly t ransgress ing 
sea. I t  will va ry  in age from place to 
place, being younger  in the  localit ies 
where the land has been submerged  
more recently.  If condi t ions  are suit-  
able for the  deve lopment  of a fauna 
and if the fauna is short- l ived corn- 
I t  cannot  a lways  be jus t i f iab ly  as- 
sumed tha t  mineral  zone boundar ies  
are surfaces of con temporaneous  dep-  
osition. Only  when there  has been 
uniform d is t r ibu t ion  of the sed iment  
carried into a basin is it  l ikely t ha t  
a mineral  zone bounda ry  may  repre- 
sent  the  locus of points  of concurrent  
deposi t ion.  
I t  is easy to unders tand  why min- 
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FIG. 10. Diagram to illustrate Transgression of Chronological (h-t3) and Lithological 
(11 -l~) planes: A, Subsiding floor, B Rising floor. (Adapted by the author from the origi- 
nal drawing by Prof• P. G. H. Boswell, op. cir., p. 8.) (From Milner, H. B., Sedimentary 
Petrography, D. Van Nostrand Co., N. Y., 1929.} 
pared to the veloci ty  of the l andward  
moving sea, the  faunal  zones will 
cross the l i thologic boundaries .  Fig- 
ure 10 i l lus t ra tes  the consequences of 
both transgressing and regressing seas 
when several  s t r a t a  are involved.  I t  
should be observed tha t  for any  one 
l i thologic unit ,  the age becomes pro-  
gressively younger  toward  the pe- 
r iphery  of the basin if it  has been 
depos i ted  by  a t ransgressing sea, and  
older  toward  the per iphery  when de- 
posi ted by  a regressing sea. 
eral zones m a y  cross chronologic sur- 
faces. Consider  a basin receiving sedi- 
ments  from two provinces of widely 
differing rock types.  Currents  are too 
weak to thoroughly  mix and dis t r ib-  
ute  the sediments  uniformly.  As a 
consequence, the s t r a t um being de- 
posi ted will not  be dis t inguished by  
one homogeneous heavy  mineral  suite 
bu t  r a the r  by  two suites as illus- 
t r a t ed  by  Figure  11, and the mineral  
zone b o u n d a r y  will be nei ther  paral-  
lel nor coincident  with the chrono- 
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logic surfaces. Increasing the number  
of sources of sediment  and the range 
in composi t ion of the provenance  
rocks will increase the complexi ty  of 
the relat ions between the mineral  
zone boundar ies  and the t ime sur- 
faces. 
In  ear ly Modelo  t ime the sea in 
this d is t r ic t  was spreading (8, p. 104). 
Figure :2 shows each s t r a t ig raph ica l ly  
across a sands tone  uni t  is usual ly  
s t ra t ig raph ica l ly  lower than  the one 
preceding.  If the  mineral  zone boun- 
dar ies  are ident ical  to chronologic  
surfaces, then the sequence of the 
t ransec t ions  in the Modelo  is like 
tha t  resul t ing from a regressing sea 
as i l lus t ra ted in F igure  10. Since s truc-  
tu ra l  evidence points  to a spreading  
sea dur ing  ear ly  Modelo t ime,  the  
l s  " , . - 2  ~ " • • , • ~ 
FIG. 1 1. Illustrating a mineral zone boundary m-m transecting chronologic planes 
h, t2. This type of boundary relation may occur where detritus from two different rock 
provinces is being swept into a basin where the currents are too weak to thoroughly mix 
the incoming detritus. 
higher  sands tone  unit  over lapp ing  its 
predecessor.  I t  was to be expected,  
therefore,  t ha t  the chronologic sur- 
faces would cut  the sands tone  units  
in the same manner  as i l lus t ra ted in 
F igure  10 for a t ransgressing sea, and 
tha t  the  mineral  zone boundaries ,  if 
they  represented  surfaces of contem- 
poraneous deposi t ion,  would do like- 
wise. A careful s t u d y  of the mineral  
zone map  shows tha t  as the  margins 
of the t rough are approached ,  each 
successive mineral  zone t ha t  cuts 
b o u n d a r y  rela t ions tha t  exist here be- 
tween the l i thologic units  and the 
mineral  zones present  an anomaly .  
Whe the r  or not  the mineral  zone 
boundaries are loci of points  of concur- 
rent  deposi t ion and therefore  chrono- 
logic surfaces remains  a moot  ques- 
tion. 
This  inves t igat ion shows t ha t  there  
are d i s t inc t  var ia t ions  of the heavy  
minerals  both ver t ica l ly  and la tera l ly  
in the  Modelo  format ion  of this dis- 
tr ict .  Al though ver t ical  var ia t ions  
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were  a n t i c i p a t e d  and  are  des i rab le  
for zoning  purposes ,  t he  rap id  l a te ra l  
v a r i a t i o n s  wi th in  some  of t he  sand-  
s tone  uni t s  were  en t i r e ly  unexpec t ed .  
T h e  va lue  of th is  i nves t i ga t i on  lies 
in t he  fact  t h a t  d a t a  h a v e  been  
g a t h e r e d  which  disclose s o m e  of the  
dif f icul t ies  t h a t  m a y  be  e n c o u n t e r e d  
when  h e a v y  minera l s  are  e m p l o y e d  
for zon ing  and  s t ruc tu ra l  d e t e r m i n a -  
t ions.  T h e  wr i t e r  is no t  of the  op in ion  
t h a t  h e a v y  minera l s  a re  i n v a r i a b l y  
useless for cor re la t ion .  In bas ins  
where  cu r ren t s  h a v e  p roduced  a uni-  
fo rm m i x t u r e  and d i s t r i bu t i on  of t h e  
i n c o m i n g  de t r i tus ,  the  l ike l ihood of  
secur ing  useful d a t a  f rom h e a v y  rain-  
eral  s tudies  is good.  No  b e t t e r  a rgu-  
m e n t  f avo r ing  the  use of h e a v y  min-  
erals  as c r i te r ia  for co r re l a t ion  can  be 
g iven  t h a n  the  fac t  t h a t  t h e y  h a v e  
been e m p l o y e d  wi th  success  in t he  oil 
fields of t he  M i d - C o n t i n e n t ,  in Texas ,  
and in o t h e r  regions (6; 9; 15; 18). 
M o r e  work  of a de ta i led  n a t u r e  will 
h a v e  to be done  in Ca l i fo rn ia  before  
the i r  usefulness  in this  sect ion can  be 
a d e q u a t e l y  j udged .  
T h e  wr i t e r  is g ra te fu l  to Dr.  I an  
C a m p b e l l  of the  Ca l i fo rn ia  I n s t i t u t e  
of T e c h n o l o g y  for the  e n c o u r a g e m e n t  
and  helpful  sugges t ions  t ende red  dur-  
ing the  progress  of this  i nves t i ga t i on  
and  the  wr i t ing  of this  repor t .  
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